Wwtr1 is a widely expressed 14-3-3-binding protein that regulates the activity of several transcription factors involved in development and disease. To elucidate the physiological role of Wwtr1, we generated Wwtr1 ؊/؊ mice by homologous recombination. Surprisingly, although Wwtr1 is known to regulate the activity of Cbfa1, a transcription factor important for bone development, Wwtr1 ؊/؊ mice show only minor skeletal defects. However, Wwtr1 ؊/؊ animals present with renal cysts that lead to end-stage renal disease. Cysts predominantly originate from the dilation of Bowman's spaces and atrophy of glomerular tufts, reminiscent of glomerulocystic kidney disease in humans. A smaller fraction of cysts is derived from tubules, in particular the collecting duct (CD). The corticomedullary accumulation of cysts also shows similarities with nephronophthisis. Cells lining the cysts carry fewer and shorter cilia and the expression of several genes associated with glomerulocystic kidney disease (Ofd1 and Tsc1) or encoding proteins involved in cilia structure and/or function (Tg737, Kif3a, and Dctn5) is decreased in Wwtr1 ؊/؊ kidneys. The loss of cilia integrity and the down-regulation of Dctn5, Kif3a, Pkhd1 and Ofd1 mRNA expression can be recapitulated in a renal CD epithelial cell line, mIMCD3, by reducing Wwtr1 protein levels using siRNA. Thus, Wwtr1 is critical for the integrity of renal cilia and its absence in mice leads to the development of renal cysts, indicating that Wwtr1 may represent a candidate gene for polycystic kidney disease in humans.
bone ͉ cilia ͉ cysts ͉ glomerulus ͉ gene expression P olycystic kidney disease (PKD) is a leading cause of endstage renal disease (ESRD) and is associated with a significant neonatal mortality and childhood morbidity. PKD may arise sporadically as a developmental abnormality or be acquired in adult life, but most forms are hereditary. Inherited forms due to germ-line mutations in single genes include autosomal dominant PKD (mutations in PKD1 or PKD2), autosomal recessive PKD (mutations in PKHD1), nephronophthisis (NPH) (mutations in NPHP1-6), medullary cystic kidney disease (mutations in MCKD1 or MCKD2), orofaciodigital syndrome (OFD, mutations in OFD1), and tuberous sclerosis complex (mutations in TSC1 or TSC2). Age of onset, severity of symptoms, and rates of progression to ESRD vary widely among the different forms of PKD (see www.ncbi.nlm.nih.gov/omim and references cited therein).
Mouse and rat models for PKD are available either due to spontaneous mutations, chemical mutagenesis, transgenic approaches, or gene-specific targeting of orthologs of human PKD-associated genes (reviewed in refs. 1 and 2). These models often share common pathological features with human forms of PKD such as deregulated epithelial cell proliferation and differentiation, alterations of tubular basement membrane constituents, and the associated extracellular matrix, and abnormalities of epithelial cell polarity and transepithelial fluid transport (reviewed in ref.
3). Several PKD-linked genes are also present in lower vertebrates and invertebrates, indicating that they belong to an evolutionary conserved molecular pathway.
An increasing number of genes linked to PKD have been shown to encode proteins associated with the structure and/or function of primary cilia, strongly suggesting that defects in the ciliary apparatus play a central role in the etiology of PKD (4-6). Primary or nonmotile cilia are structurally related to motile flagella of sperm and protozoa but serve as mechano-or chemosensors (reviewed in ref. 4) . Cilia are anchored to the basal body, and their structural unit, the axoneme, consists of microtubules, dynein arms, and radial spoke proteins. Cilia assembly and maintenance involves the antero-and retrograde transport of particles containing cilia components along the microtubules of the axoneme in a process known as intraflagellar transport (reviewed in refs. 5 and 6).
Wwtr1 [WW-domain containing transcription regulator 1, also referred to as Taz (transcriptional coactivator with PDZbinding motif)] is highly expressed in the kidney, heart, lung, liver, testis, and placenta (7). Wwtr1 binds via a single WW domain to L/PPXY motifs in target transcription factors (7). Although Wwtr1 interacts with different transcription factors, little is known about the physiological role of Wwtr1 in vivo. Consistent with a role in the regulation of osteoblast differentiation by binding to Cbfa1/Runx2 and activating osteocalcin expression (8) , a recent study indicated that Wwtr1 is required for bone formation in zebrafish (9) . Here, we describe the generation and characterzation of Wwtr1-null mice and show that these mice have only minor skeletal defects but present with PKD.
Results and Discussion
Targeting of the Wwtr1 Gene and Generation of Wwtr1 ؊/؊ Mice. The Wwtr1 locus was targeted in mouse ES cell lines with a ␤-gal gene (lacZ) knockin targeting vector, placing the lacZ gene into the second exon immediately downstream of the initiation ATG of the Wwtr1 gene (Fig. 1A) . This strategy results in a Wwtr1-null mutation with the expression of ␤-gal under the control of the endogenous transcriptional regulatory elements of Wwtr1. ES cell clones were screened for homologous recombination (Fig.  1B) . Four correctly targeted clones injected into C57BL6 blastocysts produced chimeras with germ line transmission of the mutated allele. Chimeras were mated with either C57BL6 or 129 strain mice to establish the F 1 generation of heterozygous mice, which were apparently normal and were then mated to obtain homozygous animals [supporting information (SI) Text]. Wwtr1 Ϫ/Ϫ mice were born according to Mendelian ratios, but 35-50% of the homozygous pups died by the age of weaning of unknown cause; the rest reached adulthood (SI Table 1 ). By Western blot, no Wwtr1 protein was detected in embryos (data not shown) or kidney of postnatal day 7 (P7) Wwtr1 knockout (KO) mice (Fig. 1C) (8) , and the the lack of ossification in Cbfa1 Ϫ/Ϫ mice (10, 11) and Wwtr1-morphant zebrafish (10) prompted us to examine the skeleton of Wwtr1-null mice. Staining of embryonic day 17.5 (E17.5) Wwtr1
Ϫ/Ϫ embryos with Alcian blue and Alizarin red to reveal cartilage and bone tissue, respectively, revealed only minor skeletal anomalies relative to WT littermates (Fig. 1D) . The minor defects in ossification contrast with the severe interference with bone development reported for Wwtr1-morphant zebrafish (9) , suggesting that other factors may compensate for the loss of Wwtr1 in mammals. ATF4, for example, plays a role in bone formation in mice (12) and interacts like Wwtr1 with Cbfa1 to stimulate osteoblast-specific gene expression (13) .
Ϫ/Ϫ mice consistently showed enlarged and occasionally anemic kidneys ( Fig. 1 E and F) . Histological examination of kidney sections of 8-week-old adult mice revealed multiple fluid filled cysts, which were predominantly located at the corticomedullary boundary ( Fig. 1 G and H) . Virtually all Wwtr1-null mice developed renal cysts, but severity and progression were variable. No cysts were found in liver or pancreas (data not shown).
The majority of the cysts (Ϸ66%) were of glomerular origin based on the presence of remnant glomerular tufts (for example Cyst Development and Pathology. To explore the onset of Wwtr1 expression, we analyzed LacZ expression under the control of the endogenous Wwtr1 regulatory elements in embryonic kidney of Wwtr1-null mice. Weak ␤-gal staining was first detected at E14.5 in the renal parenchyma of glomeruli and tubules ( Fig.  2 A) and was readily visible by E15.5 ( Fig. 2B) . Signs of histological anomalies in Wwtr1 Ϫ/Ϫ kidneys were first apparent around E15.5 as dilations of the Bowman's space between visceral podocytes and the parietal cell layer of the Bowman's capsule ( Fig. 2 C and D) . Tubular dilations were found by E16.5 ( Fig. 2 E and F) , and glomerular morphology gradually degenerated, resulting in cysts with enlarged Bowman's space and atrophy of tufts ( Fig. 2 G and H) . Cyst number and size increased with age, with the largest cysts present in the juxtamedullary region. Both the proximal and distal tubules were affected by dilations (SI Figs. 7-9). Pathological changes in Wwtr1 Ϫ/Ϫ kidneys included parietal and tubular basement membrane thickening, thinning, and folding, and interstitial fibrosis and inflammation as evidenced by mononuclear leukocyte infiltration (SI Fig. 9 ). Blood urea nitrogen was 2-fold higher in 4-to 6-month- old Wwtr1 Ϫ/Ϫ mice relative to heterozygote or WT littermates (SI Table 2 ), indicative of a progressive deterioration of renal function.
Renal Expression of Wwtr1 and Compromised Cilia Integrity on Cells
Lining the Cysts in Wwtr1 ؊/؊ Kidneys. Wwtr1 expression could be detected both in the glomerula and tubules of normal mouse kidneys by immunostaining but, interestingly, expression was not uniform (Fig. 3 A-C and SI Figs. 6-8 ). In addition to the strong labeling, a faint staining was observed, which could reflect regions of low expression or, because it was also present in kidneys of KO animals (SI Figs. 6-8 ), may be due to crossreactivity of the anti-Wwtr1 Abs with the highly homologous Yap65 (Fig. 1C) .
Given the implication of defects in the ciliary apparatus in the etiology of PKD (6), we analyzed cilia integrity by staining renal sections of P9 or adult WT and Wwtr1 KO mice to detect acetylated ␣-tubulin, a marker for the ciliary apparatus (14) . Although the presence of cilia on the parietal cell layer of the Bowman's capsule has been documented (15) , it was difficult to unequivocally assign the ␣-tubulin labeling to cilia in the glomerulus. For a detailed quantitative analysis, we therefore focused on the CD, where cilia on cells lining the ducts of WT kidneys were readily detected (Fig. 3D ) and cysts were relatively frequent in Wwtr1 Ϫ/Ϫ kidneys. In random sections, the number of DBA-positive CD cells with a cilium in nondilated ducts of Wwtr1 KO kidneys was marginally smaller as compared with WT controls. However, significantly fewer cells lining dilated or cystic ducts were ciliated (Fig. 3F ). If present, the ␣-tubulin staining on cells lining dilated tubules and cysts was often indicative of shortened cilia (Fig. 3E) . Indeed, scanning electron microscopy (SEM) revealed that, in contrast to the long intact cilia commonly found in tubules of WT kidneys (Fig. 3G) , cilia facing dilated tubules or cysts in the KO kidney were often short with apparent structural defects ( Fig. 3H; see below) . Thus, the presence of cysts in kidneys of Wwtr1 KO mice is accompanied by severe defects in renal cilia integrity.
Several Genes Linked to Glomerulocystic Kidney Disease (GCKD) and
Cilia Integrity Are Down-Regulated in Wwtr1 ؊/؊ Kidneys. The function of Wwtr1 as a transcriptional coactivator (7) prompted us to analyze whether the expression of genes that code for proteins important for the structure and/or function of cilia was altered. Given the predominantly glomerular origin of cysts in the Wwtr1 KO mice, we focused on genes linked to PKD types with a glomerular component. Glomerular cysts are found in juvenile patients with autosomal dominant PKD (16) and have also been reported for tuberous sclerosis complex (17, 18) , juvenile NPH (19), OFD1 (20) , and hypoplastic familial GCKD linked to mutations in HNF1␤ (21) . Glomerular cysts are also present in the jcpk (juvenile congenital polycystic kidney) mouse (22), a model for autosomal recessive PKD due to a mutation in the Bicc1 gene (24) . In addition, we analyzed expression of Pkhd1, Tg737, and Kif3a, which are associated with forms of PKD that do not present obvious glomerular cysts but have been linked to the ciliary apparatus (14, (24) (25) (26) , as well as Dctn5 and two components of motile cilia, Ird and D2lic. Quantitative real-time PCR analysis showed that expression of Tsc1, Ofd1, Pkhd1, Tg737, Kif3a, and Dctn5 was significantly reduced (20-50%) in kidneys of E17.5 Wwtr1 Ϫ/Ϫ embryos as compared with WT controls (Fig. 4A) . Although consistently expressed at lower levels in KO kidneys, no statistically significant decrease of Bicc1 and Nphp1 could be established. Hnf1␤, Pkd2, Ird, and D2lic levels were unchanged. As controls, expression of Yap65 and several tubular marker genes was not significantly affected (Fig. 4B) . The only moderate down-regulation of Tsc1, Ofd1, Pkhd1, Tg737, Kif3a, and Dctn5 in Wwtr1 Ϫ/Ϫ kidneys could reflect that they are also expressed in regions of the nephron where Wwtr1 is normally not expressed. Alternatively, Wwtr1 is likely to be only one among several factors contributing to the transcriptional regulation of these genes.
Several of the genes down-regulated in Wwtr1 Ϫ/Ϫ kidneys code for proteins of relevance for the structure and/or function of cilia. Tsc1 interacts with Tsc2, which is present in basal bodies (T. Weimbs, personal communication). Tsc1 ϩ/Ϫ mice that survive postnatal death develop kidney cystadenomas, liver hemangiomas, and kidney tumors (17, 18) . Ofd1 has been localized to the basal body (27) , and parietal cells of Bowman's capsule of Ofd1 ϩ/Ϫ mice have defects in ciliogenesis (28) . Both Nphp1 (29) and Bicc1 (unpublished data cited in ref. 1), marginally but consistently repressed in Wwtr1 KO kidneys, localize to cilia. Bicc1 is mutated in the jcpk mouse, and Ϸ25% of aged heterozygotes present with cysts of glomerular origin (22) . Wwtr1 Ϫ/Ϫ mice did not reveal some of the other defects linked to mutations in Tsc1 or Ofd1, possibly reflecting their only partial down-regulation or Wwtr1-independent regulation in other tissues.
Mutations in HNF1␤ have been implicated in GCKD (22) . Conditional renal inactivation of Hnf1␤ in mice leads to cysts predominantly derived from CD and to lesser extent glomerula, and cyst formation was correlated with a partial down-regulation of Umod, Pkhd1, Pkd2, Nphp1, and Tg737 (30) . Although expression levels of Hnf1␤ were not affected in kidneys of Wwtr1 Ϫ/Ϫ mice, transcript levels for Pkhd1 and Tg737 were significantly reduced. The pck rat (mutations in Pkhd1; ref. 26) and the Oak Ridge polycystic kidney (orpk) mouse (mutations in Tg737; ref. 31) display phenotypes resembling autosomal recessive PKD, with cysts predominantly derived from the CD. It is thus conceivable that a combined decrease in the expression of Pkhd1 and Tg737 accounts for the CD-derived cysts in Wwtr1 KO kidneys. The gene product of Pkhd1 localizes to basal bodies of primary cilia (25, 26) . Polaris, encoded by Tg737, is associated with basal bodies and the cilia axoneme (25, 32) and is required for cilia assembly (33) . Interestingly, Hnf1␤ carries a putative WW-binding motif, but we were unable to establish a physical interaction with Wwtr1 or a consistent effect of Wwtr1 on the Hnf1␤-regulated expression of a luciferase reporter fused to a minimal Pkhd1 promoter (34) (data not shown).
Intraflagellar transport requires microtubule motors (reviewed in ref. 35 ). The kinesin-II complex, with the two motor subunits Kif3a and Kif3b, is involved in anterograde movement. Kidney-specific inactivation of Kif3a, down-regulated in Wwtr1 Ϫ/Ϫ kidneys, leads to renal cysts and a loss of cilia from epithelial cells lining the cystic tubules (14) . Dctn5, a component of the dynactin complex (reviewed in ref. 36) , is strongly down-regulated in Wwtr1 KO kidneys but has not yet been linked to PKD or the ciliary apparatus. However, another constituent of this complex, p150 Glued , directly interacts with Kap3, a nonmotor subunit of the kinesin-II complex, thus implicating dynactin in bidirectional microtubule-based transport processes (37) and suggesting a role in cilia integrity.
Because heterozygous mutations of some of the genes downregulated in Wwtr1-null kidneys (i.e., Ofd1 and Tsc1) have been linked to cilia defects and renal cysts, a moderate but combined down-regulation of these genes may result in the observed phenotype in Wwtr1 KO mice. Alternatively, however, it is conceivable that Wwtr1 regulates the expression of additional, as yet to be identified, genes critical for the integrity of cilia.
Compromised Cilia Integrity and Down-Regulation of Cilia-Associated
Genes in Wwtr1-Depleted mIMCD3 Cells. To confirm the importance of Wwtr1 for cilia integrity, Wwtr1 was depleted in CD-derived mIMCD3 cells (38) using siRNA. As shown by Western blot (Fig.  5G) , the Wwtr1-specific siRNA efficiently reduced Wwtr1 but not Yap65 protein levels. Interestingly, exposure of confluent ciliated cells to Wwtr1 siRNA resulted in a gradual shortening of the cilia (Fig. 5 A and B) , and by 96 h, many cells no longer stained for acetylated ␣-tubulin (SI Fig. 10 ). Visualization of cilia by SEM and length measurements confirmed the presence of short cilia with apparent structural defects in mIMCD3 cells exposed to Wwtr1 siRNA as compared with controls ( Fig. 5 C  and D) . The average cilia length was Ϸ4 m in control cells but only Ϸ1 m on Wwtr1 siRNA-treated cells (Fig. 5E) . Furthermore, the fraction of ciliated cells presenting with long intact cilia was dramatically reduced in Wwtr1 siRNA-treated cells (Fig. 5F ). Wwtr1 siRNA had no dramatic effects on cell cycle (data not shown) and did not alter the differentiation of treated cells as assessed by the formation of confluent monolayers, the localization of the tight junction marker ZO-1 to sites of cell-cell contact (Fig. 5 A and B; SI Fig. 10) , and the expression of Aqp2 (Fig. 5H) .
Quantitative real-time RT-PCR showed that expression of several genes down-regulated in Wwtr1 KO kidneys (i.e., Dctn5, Kif3a, Pkhd1, and Ofd1) was likewise significantly reduced in Wwtr1 siRNA-treated mIMCD3 cells (Fig. 5H) . In contrast to Wwtr1 Ϫ/Ϫ kidneys, expression of Tsc1 and Tg737 was not significantly affected in mIMCD3 cells, possibly due to differences in the extent of Wwtr1 inactivation or a Wwtr1-independent expression in particular regions of the kidney. Polaris, the gene product of Tg737, remained localized on the short cilia of Wwtr1 siRNA treated cells (SI Fig. 11) . Thus, depletion of Wwtr1 in mIMCD3 cells compromises cilia integrity in a similar fashion as observed in the kidney of Wwtr1 KO mice.
Concluding Remarks
We report that inactivation of Wwtr1 in mice leads to PKD with a major glomerular component and histological similarities to human GCKD and NPH. Renal cyst development is accompanied by defects in cilia integrity and a down-regulation of multiple genes linked to PKD and/or structure and function of cilia. L/PPXY motifs that could mediate an interaction with the WW domain of Wwtr1 have been identified in many transcription factors (7), among which Hnf1␤, Pax2, and Ap2 have been implicated in renal cystogenesis (39, 40) . Future studies are needed to identify transcription factors that, in cooperation with Wwtr1, may regulate the expression of Dctn5, Ofd1, Kif3a, and Pkhd1. In addition, it will be important to explore whether Wwtr1 regulates additional, yet to be identified, genes important for cilia integrity.
In humans, familial GCKD is a rare renal disorder with autosomal dominant inheritance and variable effects on renal size and function (19) . The corticomedullary accumulation of cysts in Wwtr1 KO kidneys is also reminiscent of NPH. Although cysts of glomerular origin are rare in known variants of NPH (19) , they may go undetected in many patients because biopsies would be required to establish a glomerular component. Family linkage analysis suggests more than a dozen additional loci associated with NPH (F. Hildebrandt, personal communication). It will thus be of interest to see whether mutations in Wwtr1 are responsible for a type of NPH with a more prominent glomerular component or a rare form of GCKD.
Materials and Methods
Cloning, Targeting Vector Construction, and Generation of Wwtr1 KO Mice. The cloning and construction of the Wwtr1 targeting vector and the generation of C57BL/6 and 129 mice carrying one or two inactivated Wwtr1 alleles is detailed in SI Text. Animal experimentation was approved by the Institute of Molecular and Cell Biology Institutional Animal Care and Use Committee.
Genotyping. Adult mice and embryos were routinely genotyped by PCR using primers p3 and p2 to detect a 700-bp amplicon from the targeted allele and primers p1 and p2 to detect a 500-bp amplicon from the WT allele ( Fig. 1 A and SI Data Set) in genomic DNA prepared from tails or yolk sac. Where necessary, results were confirmed by Southern blot. 
